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Deployment of quantum technology in space provides opportunities for new types of precision tests of gravity.
On the other hand, the operational demands of such technology can make previously unimportant effects prac-
tically relevant. We describe a novel optical interferometric red-shift measurement and a measurement scheme
designed to witness possible spin-gravity coupling effects.
I. INTRODUCTION
Amazing experimental progress in quantum sensing and
quantum communications together with satellite deployment
of quantum technologies have ushered in a new era of experi-
mental physics in outer space.
The success of the first space based quantum key distri-
bution experiments performed with the Micius satellite [1] is
expected to be soon followed by European and North Amer-
ican missions. At the same time current missions, such as
LAGEOS-2, BEACON-C and LCT on Alphasat I-XL, are
adapted for quantum optics experiments [2, 3]. While the pri-
mary goal of these space-based platforms is to provide links
for global quantum key distribution, the missions also envis-
age substantial scientific programs. These experiments have
the exciting potential to open up new tests of fundamental
physics by enabling new searches for signatures of quantum
gravity and/or physics beyond the standard model [4]. On the
other hand, the ambitious precision and stability goals [5] are
likely to turn the questions of gravitational and inertial effects
on spin into practical questions.
Here we describe how these technologies can be affected
and used to test the Einstein Equivalence Principle (EEP). The
principle comprises three statements [6–8]. The first — Weak
Equivalence Principle (WEP) — states that the trajectory of
a freely falling test body is independent of its internal com-
position. Closely related to the WEP is the Einstein eleva-
tor: if all bodies fall with the same acceleration in an exter-
nal gravitational field, then to an observer in a small freely
falling lab in the same gravitational field, they appear unac-
celerated [7]. The remaining two statements deal with out-
comes of non-gravitational experiments performed in freely
falling laboratories where self-gravitational effects are negli-
gible. The second statement — Local Lorentz Invariance —
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asserts that such experiments are independent of the veloc-
ity of the laboratory where the experiment takes place. The
third statement — Local Position Invariance (LPI) — asserts
that “the outcome of any local non-gravitational experiment
is independent of where and when in the universe it is per-
formed” [6].
In Sec. II we outline a novel all-optical test of LPI. In
Sec. III we discuss the inertial and aspects of the spin-gravity
coupling and suggest the weak valued amplification scheme
for detecting some of these effects.
II. OPTICAL TEST OF POSITION INVARIANCE
Tests of the “when” part of LPI bound the variability of the
non-gravitational constants over cosmological time scales [9].
The “where” part was expressed in Einstein’s analysis of what
in modern terms is a comparison of two identical frequency
standards in two different locations in a static gravitational
field. The so-called red-shift implied by the LPI affects the
locally measured frequencies of a spectral line that is emitted
at location 1 with ω11 and then detected at location 2 with
ω12. The red-shift can be parameterized at the leading post-
Newtonian order as
∆ω/ω11 = (1 + α)(U2 − U1) +O(c
−3), (1)
where ∆ω := ω12 − ω11, Ui := −φi/c
2 has the opposite
sign of the Newtonian gravitational potential φi at the emis-
sion (1) and detection (2), while α 6= 0 accounts for possible
violations of LPI. In principle, α may depend on the nature of
the clock that is used to measure the red-shift [6]. The stan-
dard model extension includes variously constrained parame-
ters that predict LPI violation [10, 11]. Alternative theories of
gravity not ruled out by current data also predictα 6= 0 [6, 12].
A typical red-shift experiment involves a pair of clocks, nat-
urally occurring [13] or specially-designed [14–16], whose
readings are communicated by electromagnetic (EM) radia-
tion. The resulting estimates of α are based on comparison
of fermion-based standards. Hence, different types of experi-
ments, which employ a single EM-source and compare optical
2phase differences between beams of light traversing different
paths in a gravitational field, provide a complementary test of
LPI.
Such an all-optical experiment was proposed as a possible
component of the QEYSSAT mission [4]. A photon time-bin
superposition is sent from a ground station on Earth to a space-
craft, both equipped with an interferometer of imbalance l, in
order to temporally recombine the two time-bins and obtain
an interference pattern depending on the gravitational phase-
shift:
ϕgr =
∆ω
ω
2π
λ
l ≈ (1 + α)
2π
λ
ghl
c2
, (2)
where g is the Earth’s gravity, h the satellite altitude and λ =
2πc/ω the sent wavelength. For α = 0, this phase-shift is of
the order of few radians supposing l = 6 km, λ = 800 nm and
h = 400 km [4].
However, a careful analysis of this optical COW-like exper-
iment [17] revealed that first-order Doppler effects are roughly
105 times stronger than the desired signal ϕgr from which α
would be estimated. This first-order Doppler effect was re-
cently measured by exploiting large-distance precision inter-
ferometry along space channels [18], which constitute a re-
source for performing fundamental tests of quantum mechan-
ics in space and space-based quantum cryptography.
We propose [19] a new gravitational red-shift experiment,
which uses a single EM-source and a double large-distance
interferometric measurement performed at two different grav-
itational potentials. By comparing the phase-shifts obtained at
a satellite and on Earth, it is possible to cancel the first-order
Doppler effect. Thus, this experimental proposal allows for a
bound on α quantifying the violation of LPI in the EM-sector
with a precision on the order of 10−5.
This proposal [18] is comprised of an interferometric mea-
surement obtained by sending a light pulse through a cascade
of two fiber-based Mach-Zehnder interferometers (MZI) of
equal temporal imbalance τl. After the first MZI, the pulse
is split into two temporal modes, called short (S) and long
(L) depending on the path taken in the first MZI. The equal
imbalance of the two MZIs guarantees that the two pulses are
recombined at the output of the second MZI, where they are
detected. Such a satellite interferometry experiment setup is
sketched in [? ].
The combination of the possible paths the pulses may take
leads to a characteristic detection pattern comprised of three
possible arrival times for each pulse, as depicted in the insets
of the upper picture in Fig. 1. The first (third) peak corre-
sponds to the pulses that took the S (L) path in both the MZIs,
while the mid peak is due to the pulse that took the S path in
the first interferometer and the L path in the second interfer-
ometer, or vice versa. Hence, interference is expected only in
the central peak due to the indistinguishability of these latter
two possibilities. A successful realization of the experiment
depends on a number of important technical aspects that are
described in detail in [19].
A bound on α is retrieved from the difference of the two
phase-shifts, ϕSC and ϕGS, that are obtained from interfer-
ometric measurements on the spacecraft and ground station,
FIG. 1. Top: A schematic diagram of the proposed experiment. Both
the ground station (GS) and spacecraft (SC) are equipped with a MZI
of equal delay line l and an adaptive optics system for fibre injection.
Bottom: The geometry of the GS and SC used in the experiment,
where ~v1 is the velocity of the GS at the emission location and po-
tential U1; ~v2 is the velocity of the SC at the detection location on
the satellite and potential U2; ~v3 is the velocity of the ground station
at the detection of the beam retro-reflected by the SC, which occurs
at a potential U3 = U1.
respectively. As just described, the interfering beams take dif-
ferent paths in the passage through the twoMZIs. At the satel-
lite, the beam that took the L path on Earth and the S path on
the spacecraft interferes with the beam that passed took the S
path on Earth and then took the L one on the spacecraft. This
interference is a result of the phase difference ϕSC. Analo-
gously, at the ground station (GS) the beams that were delayed
on the Earth before and after their round trip to the spacecraft
(SC) will also interfere because of the phase difference ϕGS.
The signal from which a bound on α is obtained is a linear
combination of the two measured phase-shifts
ϕSC = (ω12 − ω11)τl, ϕGS = (ω13 − ω11)τl, (3)
where ω11 is the proper central frequency of the emitted signal
at the GS and ω13 is the frequency after the round trip, and the
proper delay time τl is the same in both frames.
The standard second-order expression for the frequencies
detected at the satellite is
ω12
ω0
=
(
1− U1 −
1
2
β21
1− U2 −
1
2
β22
)(
1− nˆ12 · ~β2
1− nˆ12 · ~β1
)
, (4)
and at the ground station after a go-return trip
ω13
ω0
=
(
1− nˆ23 · ~β3
1− nˆ23 · ~β2
)(
1− nˆ12 · ~β2
1− nˆ12 · ~β1
)
, (5)
where ~βi := ~v/c. The first-order Doppler terms are elimi-
nated by manipulating the corresponding data sets from the
3GS and SC in a manner similar to time-delay interferometry
techniques [20] and those used in the Gravity Probe A exper-
iment [15]. The key feature allowing for this elimination is
that the ratio of the first-order Doppler effect contributions to
the two signals, ϕSC and ϕGS, is exactly two [19]. Hence the
target signal is
S := ϕSC −
1
2
ϕGS, (6)
leading to
S
ω0τl
= (1 + α)(U2 − U1)
+ 1
2
(~β1 − ~β2)
2 − (d1 − d2)
2 − T nˆ12 · ~a1/c, (7)
where ~βi = ~vi/c, di = nˆ12 · ~βi, ~a1 is the centripetal accelera-
tion at the GS, and T is the upward propagation time.
III. WEAK EQUIVALENCE PRINCIPLE AND ORBITING
CLOCKS
Matter of the Standard Model is characterized by two pa-
rameters of the irreducible representations of the Poincare´
group: mass and spin (or helicity). General relativity is a uni-
versal interaction theory about masses [21], like the Newto-
nian gravity, with polarization effects implicitly omitted from
the WEP. Precision measurements up-to-date have not re-
vealed spin-gravity coupling, but it is clearly conceivable [21].
Regardless of their origins, spin-gravity coupling terms
provide effective corrections to the Hamiltonian in the limit of
weak gravity and non-relativistic motion. The leading terms
of the Hamiltonian of a free spin- 1
2
particle that take into ac-
count the effects of rotation of the reference frame with angu-
lar velocity ~ω and acceleration ~a (or a uniform gravitational
field) can be represented as
H = Hcl +Hrel +Hσ +Hext. (8)
The first three terms on the right hand side are obtained by per-
forming the standard Foldy-Wouthuysen transformation and
taking the non-relativistic limit [22]. The term Hcl represents
the standard Hamiltonian of a free non-relativistic particle in a
non-inertial frame,Hrel describes the higher-order relativistic
corrections that do not involve spin, and
Hσ = −
1
2
~~ω · ~σ +
~
4mc2
~σ · (~a× ~p). (9)
Finally, the term
Hext =
~k
2c
~a · ~σ, (10)
represents the spin-accelerating (or spin-gravity) coupling. It
is a limiting form of the simplest phenomenological addi-
tion to the Dirac equation that breaks the WEP [23]. For the
value k = 1 it results from a particular version of the Foldy-
Wouthuysen transformation [24]. While commonly consid-
ered a mathematical artefact of this transformation, the term
naturally arises in gravitationally inspired StandardModel ex-
tensions.
The Mashhoon term− 1
2
~~ω ·~σ was recently detected by us-
ing neutron polarimetry [25]. On the other hand, only model-
dependent bounds on k in Hext were obtained by a variety of
techniques [26], including the optical magnetometery [27].
The spin dependent terms are small under normal condi-
tions. On the Earth’s surface ~g/c = 2.15× 10−23 eV, which
is equivalent to an effective magnetic field of 3.7× 10−19 Tl,
still several orders of magnitude below the peak sensitivity
of optical magnetometery. The spin-rotation term is signifi-
cantly larger, since already on the ground ωc/g = 2.22× 103.
It will be about an order of magnitude stronger for low-orbit
satellites that are planned to carry entangled optical clocks [5]
aiming to establish the precision of 10−18− 10−20, making it
a factor to consider in the clock design.
A potentially promising way of detecting these effects is via
so-called weak amplification [28]. Weak value amplification
involves two systems (typically referred to as “system” and
“meter”) that can interact via an interactionHamiltonian of the
form qδ(t−t0)Aˆ⊗pˆ. The bipartite system-meter is prepared in
an initial state |si〉⊗|mi〉, followingwhich the two are allowed
to interact for a small time that includes t0. Following this,
the system is measured and measurements corresponding to a
post-selected system state |sf 〉 are considered. This pre- and
post-selection induces a “kick” in the meter state, given by the
evolution e−iqAw pˆ|mi〉, where Aw ≡ 〈Sf |As|Si〉/〈Sf |Si〉.
The key insight here is that since 〈Sf |Si〉 can be a small
number, the measurement of q is influenced by a large multi-
plicative factor Aw. A subsequent measurement of the meter
reveals the desired parameter q. Trapped atoms are potentially
promising system to implement this scheme [29].
The simplest model of such a set-up consists of two species
of spins interacting with each other via a simple exchange
force, subject to the additional terms implied above,
H = J(σS1 ⊗ σ
M
1 ) +
~g
2c
(
hx(σ
S
1 + σ
M
1 )+
(hz + 1)(σ
S
3 + σ
M
3 ) + hy(σ
S
2 + σ
M
2 )
)
, (11)
which we write asH = (~λ/t)H0+H1 whereH1 is the term
proportional to g and λ = Jt/~ for convenience, with hi =
−cωi/g. Analysis of the unitary evolution that is followed
by post-selection indicates that for realistic parameter values
the inertial and gravitational effects are within the sensitivity
range of the optical magnetometery [29].
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